Workplace heat stress is a well-known occupational health hazard, and climate change characterized by the increased frequency and intensity of extreme heat events has made risks more severe and widespread. Heat stress is prevalent in numerous industrial and commercial occupational settings, either outdoors or indoors. Operations that involve high environmental heat, physically demanding activities or impermeable protective clothing have a high potential for incurring heat stress among exposed workers. Workplaces with such conditions may include firefighting, iron and steel manufacturing, mining, glass factories and food canneries. Outdoor tasks performed in hot weather and under direct exposure to sunlight, such as construction, agriculture, oil and gas well operations, and outdoor horticulture and cleaning, are also likely to induce heat stress to employees. This editorial paper highlights the current progress and needs for research on heat stress and of its impacts on occupational health and performance.
Heat stress causes physiological and psychological discomforts, deteriorates performance and productivity, increases incident rates and even threatens survival. Increased thermoregulatory, cardiovascular and perceptual strains on the body promote confusion, irritability and other emotional stress, which may cause workers to become distracted from tasks or ignore safety procedures. Understanding the effects of heat stress and implementing appropriate intervention strategies to relieve the harmful impacts of heat stress has been the focus of a significant amount of research. Studies of this nature require a multi-disciplinary approach involving physiology, management and technology. The effects of heat stress can be described by physiological and psychological responses. Management of heat stress utilizes a set of framework, principles, processes and measures to prevent injuries, accidents and other adverse consequences. Technology in terms of techniques, tools, systems and machineries has been adopted as an effective means to protect workers from the hazardous effects of heat stress.
Heat stress could be a result from a combination of factors, including environmental conditions, metabolic heat and thermal effects of clothing ensemble. Heat strain is the physiological response of a person in dissipating heat stress. The international standard, ISO 9886:2004 specifies measurements of body core temperature, heart rate, skin temperature and loss of body mass through sweating for evaluation of body heat strain. 1 The upper limits of these physiological parameters have been prescribed by some regulatory organizations for monitoring of workers' safety in heat stress occupational environments. So far a number of devices such as Ingestible Core Body Thermometer Pill and Polar TM Heart Rate Monitor have been used for measurement and monitoring of these physiological parameters. However, application of these devices is limited and inconvenient because they are costly and may disturb workers' normal activities.
The physiological strain experienced by a person can be estimated by the heat stress factors and is evaluated by a single index. 2 A heat stress index is a single value that integrates the effects of the six basic parameters (i.e. ambient temperature, relative humidity, radiant temperature, air velocity, metabolic rate and clothing properties) in any human thermal environment such that its value could vary with the thermal strain experienced by an individual. 3 Measurement of wet bulb globe temperature is by far the most widely used and accepted empirical index for managing occupational heat stress; and is recommended as a heat stress standard. The heat stress standard is calculated using the recordings of wet bulb temperature, globe temperature and dry bulb temperature. However, wet bulb globe temperature measurements are insensitive to the cooling effect due to wind velocity and are incapable of measuring the effect of workers' metabolic rates.
To address these limitations, a heat stress index named thermal work limit (TWL) has been developed. TWL is a rational heat stress index which is based on the calculation that involves human heat balance equation 4 by integrating environmental variables (i.e. globe temperature, wet bulb temperature, dry bulb temperature, air movement and atmospheric pressure) and behavioural variables (i.e. clothing factor and metabolic rate). TWL has been introduced to assess workers in underground mining industry in Australia and many other industrial sectors located in tropical regions.
Exposure time can play a major role in the heat accumulation in the body and aggravation of heatincurred disorders. Several international standards have given reference values of maximum exposure duration at different levels of heat stress. 1, 5 The prescribed maximum exposure time can be determined by exploring the relationship between human heat strain and meteorological condition, metabolic rate, clothing effect. Apart from these three causal factors, heat strain is also highly correlated with many personal factors such as age, alcohol intake, smoking habit, physical fitness, hydration level and personal acclimatization capacity. However, the existing Occupational Health and Safety requirements on heat exposure limits fail to account for personal characteristics, which may overestimate or underestimate the personal maximum exposure time. Therefore, a more embracing model taking into account of personal characteristics is necessary. Earlier studies established multiple linear regression (MLR) model to predict a worker's heat strain to different environmental factors, work-related factors and personal factors. 6, 7 However, heat stress and heat strain might not be linearly correlated. Furthermore, the combination of the large array of personal health and lifestyle factors and their complex interaction effects is far beyond the predictive power of a MLR. More advanced analytical techniques are required to tackle these complex issues. Artificial neural network (ANN), a form of artificial intelligence technique, is one such approach which could provide a high level of flexibility and competency in nonlinearities and complex behaviour. An ANN-based heat stress model 8 has been developed to provide better prediction results than that of MLR-based heat stress model.
The development of massive emerging information technologies has prompted research into their application. The heat stress model (either MLR-based or ANN-based model) would provide the essential ingredients for developing an early warning system, which could be in the form of smart phone application, to protect the well-being of those who have to work in hot and humid conditions. 8 Nowadays, a modern smart phone contains various functions (e.g. Wi-Fi capability, 3G connection and stop-watch timer) and sensor technologies (e.g. GPS, video camera) and functions. These interact with the surrounding environment through the communication interfaces and various sensors to provide useful information that can be used for early assessment of potential heat stress.
To activate the early-warning system, workers can input their personal information to the system and set the stop-watch timer before they start their daily work. Once starting the daily work, the system will measure the work duration and extract the synchronous environmental data from the Observatory every 5 min. Based on the personal, work-related, environmental data, workers' heat strain can be evaluated by the heat stress model. Warning alerts with corresponding intervention measures will be sent with sound track to the workers concerned once certain thresholds have been exceeded. Furthermore, frontline workers might suffer from a spectrum of discomforts such as decreased muscle coordination, nausea, headaches, dizziness, rapid heart rate and breathing. They can report the heat-related disorders to their supervisors or safety professionals via the system. With the wireless communication technology (e.g. Wi-Fi, 3G connection), supervisory staff can immediately acquire workers' level of heat strain, location, personal information and symptoms of heat-related illness via a smart phone that connects with a cloud database.
Clothing ensemble acts as a layer of insulation or a barrier to heat balance by inhibiting evaporative and convective cooling. Uniforms for workers exposed to heat stress can be considered as a precarious balance between the potential impact and damage from heat stress and protection related to many hazards inherent on the job. Wearing protective ensembles leads to the accumulation of metabolic heat while concurrently reducing the effectiveness of heat-loss mechanisms. If clothing cannot effectively release the body heat, discomfort will result and in extreme conditions, the wearer may even be in danger. For clothing as a preventive measure, the guidelines for combating heat stress encourage workers to keep clothing on and wear light-coloured and loose fitting clothes. 9 The development of uniform for outdoor workers has enabled protection of workers from the adverse effects of heat stress and at the same time achieved optimal work performance which is of particular importance. The design of these clothes should take into account of rapid liquid transport characteristics to enhance heat transfer. An anti-heat stress uniform for outdoor workers in hot and humid environment has been developed. 10 A new generation of fabrics named moisture management textiles was invented and utilized in a newly designed uniform. This kind of fabrics can reduce the heat stress by controlling the liquid water or sweat transfer through textile structures. High moisture management technology by nano materials has been applied. This technology has a quick drying rate and allows moisture to transfer away from the skin to the surface of the garment; with a high one-way transferability and liquid moisture management capacity. The laboratory wear test and field trials have demonstrated the newly designed uniform could enable the wearer to have a prolonged exercise time; less thermoregulatory and cardiovascular strain; and would reduce perceived exertion and improved thermal comfort while exercising in a hot and humid environment.
Cooling garments are commonly used in sports and military settings to lessen the risk of heat-related injuries by providing microclimate cooling around the body. Three types of cooling garments have been commonly applied to athletes and soldiers, including liquid cooling garments, air cooling garments and phase change garments (PCG). Liquid and air cooling garments are connected to external cooling devices and circulate cooled liquid or air around human body. Without external cooling device, PCG is more portable and convenient to use. PCG uses the pre-cooled phase change materials (PCM), e.g. ice, inorganic salt and paraffin wax, to cool down body temperature. PCM are 'latent' heat storage materials that absorb and release heat at a nearly constant temperature (i.e. melting temperature) as it goes through solid-liquid transitions. 11 When the outside temperature is higher than melting temperature, PCM absorbs heat energy as it goes from a solid state to a liquid state, producing a temporary cooling effect.
Attempts have been made to introduce these products into some workplaces (i.e. construction, kitchen and catering, outdoor cleaning and horticulture, and airport apron service industries) where workers endure a hot climate environment. However, occupational workers often dislike wearing this cooling garment because it can be weak cooling capacity, short cooling duration, heavy weight, inflexibility (thus presenting a hazard around moving equipment), a lack of industry-specific design and thick fabric with poor permeability. Furthermore, workers involved in different industries/occupations have different expectations regarding the cooling garment. There is a need to design a tailor-made cooling garment which is suitable for particular workers after taking into consideration the additional requirements of their industries/occupations. Workers should be more comfortable with these tailor-made cooling garments, regardless of heat stress, with likely beneficial effects on productivity and health.
Heat stress is a well-recognized health and safety hazard. Working under conditions of heat stress has a high potential for decreasing productivity, increasing the risk of heat-related illnesses, and posing safety problems to workers. A multi-disciplinary research into heat stress and to study causes and prevention of adverse health effects on workers are urgently needed. Research on this topic is expected to continue by incorporating new management and techniques/tools. This would be of tremendous value in better safeguarding workers' health and safety by reducing the health hazards in a workplace.
